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1INTRODUCTION
For many years the I enomena which occur at the critical
temperature of liquids have been investigated. And since
1912) when Laue and others (1) discovered that a beam of
(1) W. Friedrich) P. Knipping) and M. Laue) Ann. Physik
Volume 41) page g7l, 1913. reprinted from an earlier
pUblication in 1912.
x-rays could be made to yield a diffr ctlon pattern by pass-
ing it through a crystal, scientists have been attempting
to change the x-ray pattern for various crystals by somehow
changing the arrangement of the atoms in the crystal lattice.
Harvalik (2) has already shown that crystallization
(2) Unpublished paper presented by Z. V. Harvalik at New
York meeting of American Chemical Society December) 1947.
occurs When a solvent reaches the critical point and his
work indicates that under these conditions of crystallization
there is a change in the crystal pattern.
The work embodied in this dissertation is an extension
of the work of Dr. Harvalik) mentioned above) incorporatin
some inorganic salts previously not investigated.
In this research problem, four water soluble salts are
crystallized at the critical temperature of water. Two of
2the salts, sodium chloride and barium nitrate, are in the
cubic system; barium chloride is in the monoclinic system;
and sodium sulfate is in the rhombic system. Complete
intensity calculations have been made for sodium chloride
as well as graphs showing the crystal patterns of the salt
in the commercial state and the crystal patterns after
crystallization at the critical temperature. The intensity
calculations have been omitted for the other crystals. but
the graphs showing the crystal patt rns are included for
these salts. An attempt was made to demonstrate that un-
der these conditions crystal patterns develop which are slight-
ly different from those obtained under ordinary conditions.
3REVIEW OF ITERATURE
In 1925, Johannes Boehm (1) prepared gamma-aluminum hy-
(1) J. Boehm, Ztschr. Anorg. Chem., Volume 149, page 205.
1929.
droxide (Boehmite) by application of pressure during the g-
ing process of alpha-aluminum hydroxide. and thus demonstrated
that certain substances experience a change of crystal struct-
ure when exposed to higher pressures at increased temperatures.
In 1930, Hendricks (2) observed a difference in the x-ray
(2) S. B. Hendricks, Nature, Volume 126, p ge 167, August
2, lQ30.
diffraction pattern for primary amyl ammonium chloride at
approximately liquid ir temperatures as compared to the
pattern at room temperature. This difference in the pattern
manifested itself by a change in intensity in certain lines.
Pauling (3) scribes this to the fact that a crystal contain-
(3) L. PaUling, Physical Review, Volume 36, page 430, JUly,
1930.
ing molecules or molecular groups with small moments of in-
erti about some axes may undergo rotational motion bo t
4these axes. This is not, of course, a polymorphic transi-
tion, which would be characterized by a great change in the
crystal lattice with alterations of well-defined physical
properties by discontinuous steps.
In 1931, F. C. Kracek, (4) working at the Geophysical
(4) F. C. Kracek, Journal of the American Chemical Society,
Volume 53, page 2609, July, 1931.
L bor tory, Carnegie Institution of Washington, found that
sodium nitrate exhibits the phenomena of having certain
physical properties change with an increase in temperature
while the crystal lattice remains unchanged except for a
change in intensities. These changes in the physical prop-
erties take place gradually up to 275 0 C at which point
they seemingly stabilize. Simon (5) had previously investi-
(5) F. Simon, Ann. Physik, Volume 68, page 241, 1922;
Simon and Bergmann, Z. physik, Chem., Volume 129, page
339, 1927.
gated ammonium chloride and other ammonium salts and on the
basis of his results h d suggested that the phenomenon is
due to intermolecular rearrangement of the ammonium ions,
hich is consistent with PaUling's hypothesis of transition
from oscillatory to rotary motion within the lattice of the
crystal.
5Later) Kracek and others (6) showed on the basis of
(6) F. C. Kracek. E. Posnjak, and S. B. Hendricks, Journal
of American Chemical Society, Volume 53. page 3339.
September, 1931.
powder deffraction data at number of temperatures from
25 0 C to 280 0 C that the gradual transition observed in
sodium nitrate can be accounted for by the initiation of
rotation of the nitrate ion.
Harvalik (7) has achieved results that indicate a
(7) Unpublished paper presented by Dr. Z. V. Harvalik at
the September meeting of the American Chemical Society
in New York City.
similar change in certain inorganic salts when they are
crystallized at the critical temperature of the solvent.
6DISCUSSION OF EQUIPMENT
The equipment consisted of a high pressure reaction
vessel (figure I, 111) which the samples were placed. This
high pressure chamber was manufactured by the Superpressure
Division of the American Instrument Company from bar stock
of 316 stainless steel. The chamber A (figure I) is 32
centimeters long and 6.2 centimeters in diamete~ and the
inside volume is approximately 110 cubic centimeters. In
the bottom are a therm couple well T and two holes H for
.....
securing the high pressure chamber into the heater. The
high pressure seal is obtained by threading the top to the
chamber until the eight cap screws B in the top fit snugly
onto the compression ring, and then tightening the cap
screws with a torque wrench. The manufacturer recommends
that a torque of 25 foot-pounds be used for pressures of
the order of 6,000 pounds per square inch, and that the
seal be obtained by tightening diametrically opposite
bolts. In the actual work, the bolts were all tightened
in this manner using a torque of 15 foot-pounds and then a
torque of 30 foot-pounds to insure an even distribution of
the stress and a good seal.
The pressure gauge G is 25 centimeters in diameter and
has a range from atmospheric pressure to 5,000 pounds per
square inch. It has a threaded male plug which screws into
the block containing the needle valve V. The needle valve


























8Re ction Vessel, Assembled
Figure 2.
EHe etion Vess 1, Assembled
Figure 3.
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the needle valve is connected to the ohamber by a piece of
superpressure tUbing of 1/4 inch outside diameter with
speoial connectors on either end. The top connector fits
into the needle-valve block, and the bottom fits into the
capillary opening. The capillary is made of a single piece
of stainless steel which extends through the compression
ring and the top and which has a lip that fits under the
compression ring to hold it in place. There are two ma-
chined "flats" at the bottom of the reaction vessel which
allow it to be held in the ft~inco bomb vise L. A generous
quantity of graphite grease was employed on all threaded
parts to insure a good seal and to prevent rust.
The heater was constructed by the Author, and consist-
ed of a metal bath employing lead (melting point 327 0 C.).
The lead is contained in a copper tube of 10 oentimeter
diameter and 38 centimeters height. This is surrounded by
a larger copper tube of 28 centimeter diameter and the
same height as the inner tube. To complete the container
for the lead a copper plate, 20 centimeters square, was
welded to the bottom of the two copper tubes. Into the
bottom of the inner tube was welded a tapered brass rod to
oenter and support the high pressure chamber. This copper
bottom plate was connected to three 3/8 inch sheets of
transcite, 28 centimeters square, by four brass machine
bolts which extended below the bottom of the transoite
sheets to form legs for the app~ratus.
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An aluminum container 28 centimeters square in cross
section and 42 centimeters high surrounded the heater and
was connected to it by flanges between the transcite sheets.
Between the outer copper tube and this outer jacket of
aluminum a ceramic mix (1) was placed to serve as an insu-
(1) The ceramic mix consisted of 40% potters clay, 30%
Mexico plastic, 20% sodium silicate and 10% water.
lator to hold the heat in. top the whole he ter unit was
placed a cover of transcite in which a hole the exact dia-
meter of the cap of the pressure chamber had been bore •
The heat was furnished by three Bunsen burners so
placed as to come into the space between the copper tubes
tangent to the inner tube.
Enough lead was placed into the inner container that
when the chamber was placed into the heater the lead came
to a height of a proximately 1/2 inch below the top.
The reaction vessel is made from 316 stainless steel
which is non-magnetic and all the materials in the heater
are non-magnetic.
The temper ture of the lead bath was obtained with a
copper constantin thermocouple, the E.M.F. of whioh was
measured with a Leeds and Northrup K-l potentiometer. The
thermocouple was constructed with pyrex covers on the
measuring and the reference junction. The reference junc-
tion was placed in a mixture of ice and water and the
14
me suring junction was placed into the molten lead about
midway from bottom of the tube. Table I (2) shows v lues
(2) Handbook of Physics and Chemistry, Chemical Rubber
PUblishing Comp y, Cleveland, Ohio, 1941.
of E.M.F. one should obtain with this thermocouple at
various temperatures. The pyrex covers, however, seem to
affect these v lues, and a calibration curve (Graph I) s
plotted. To plot this calibratimn curve the me suring
junction was placed into a mercury bath which was heated.
The temperature of this bath was read with ~ mercury-in-
glass thermometer (0 - 250 0 C) which had been calibrated
by the bureau of standards. The curve was then extrapol ted
(as shown by dotted line of Graph I). There is, of course,
a certain lag between the temperature of the bath nd the
reading of the thermometer, but it ws sufficiently small
that the results obtained are fairly accurate (3).
(3) The lead was heated well above the critical temperature.
and it was only necessary to know that the temper ture waB
above 3650 Cj so that acouracy was really not required. It
is estimated that the temperature measurements at 4000 C
were accurate to plus or minus 5%.
The reaction vessel is shown in figures II and V com-
pletely ~ssembled and placed into the heater.
TEMPERATURE-E. M. F. VALUES FOR COPPER-
CONSTANTAN THERMO-ELID...~NTS
Degrees C 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
0° 0.00 0.40 0.80 1.20 1.61 2.03 2.47 2.91 3.36 3.81
100° 4.28 4.70 5.23 5.71 6.20 6.70 7.21 7.72 8.23 8.76
200° 9.29 9.82 10.44 10.90 11.46 12.01 12.57 13.14 . 13.71 14.28
300° 14.86 15.44 Hi.03 16.62 17.22 17.82 18.42 19.02 19.63 20.24































































PREPARATION OF THE SAMPLES
The samples of the four salts used, sodium chloride,
barium nitrate, sodium sulf te, and barium chloride, were
obtained from the chemistry department, iasouri School of
Mines. These crystals are designated as Baker C.P. In
Table II (1) is pertinent information on the physical
(1) Handbook of Chemistry and Physics, 25 ed., Chemical
Rubber Publishing Camp ny, Cleveland, Ohio, 1941.
properties of these crystals. In selection of the salts,
care was exercised that the melting point of the salt was
well above 3650 C, the critical temperature of water.
The a lt to be used was first dissolved in water. The
amount of salt used evidently does not affect the result •
The more salt originally dissolved, of course, determines
the amount of salt which crystallizes at the critic 1 tem-
perature. arying amounts of the solution app rently f-
fected only the pressure at which the crystallization
ocourred. In each case, between 50 and 20 cubic centimeters
of the solution were used.
The solution was placed in a pyrex liner whose outside
diameter was just slightly less than the inside diameter of
the reaction vessel. This pyrex liner containing the solu-
tion was then placed into the reaction vessel, and the high
pressure seal was secured. The needle valve was opened, and
PHYSICAL CONSTANTS OF INORGANIC
COMPOUNDS USED
Name F0r.mula Molecular Crystalline Index of Specific Meltin§ Solubil
Weight Form Retraction Gravity point C ity ~n
H2O
Barium Nitrate Ba(N03 )2 261.38 Cubic 1.572 3.24 592 34.2
Barium Chloride BaC12 208.27 Monoclinic ----- 3.86 925 59.0
Sodium Chloride NaCl 58.45 Cubic 1.544 2.17 801 39.1
Sodium Sulfate Na2S04 142.05 Rhombic 1.464 2.70 884 42.7





a vacuum pump was attached to evacuate the air and eliminate
any tendency for there to be a reaction with the air present.
The needle valve was then closed.
The heater was turned on, and the lead was allowed to
melt. After the lead melted the heater was left on until
the temperature of the bath stood well above 4000 C. The
reaction vessel was then placed into the molten lead. The
addition of the reaction vessel tends to cool the lead, but
the lead was hot enough that it never got below the 3850 c.
The lead also increased in temperature after this initial
cooling. It was important that the lead stay above 4000 C
to assure that the solution in the reaction vessel reached
the critical temperature.
By carefully noting the pressure gauge, it was possible
to determine when the solution reached the critical tempera-
ture and "flashed over" into steam. The increase in pressure
became very rapid, increasing by as much as 200 pounds per
square inch per second as compared to 50 pounds per square
inch per minute before the critical temperature was reached.
When the critical temperature was reached, the needle
valve was opened slightly and the steam allowed to exit
from the reaction vessel. The work of Harvalik (2) has
(2) Unpublished paper presented by z. V. Harvalik at New
York meeting of American Chemical Society, December, 1947.
shown that the crystallization occurs at the instant the
21
solvent reaches its critical temperature so that by the time
the valve was opened, crystallization had occurred. There
was the danger that during this expansion the solvent would
be cooled sufficiently to condense the liquid and redissolve
some of the crystals which would be recrystallized by evapo-
ration of the solvent after the pressure was off.
The crystals, when the reaction vessel was opened, were
contained in the pyrex liner and could be readily removed.
The amount of salt left was always somewhat less than origi-
nally went into the reaction chamber since some of the
crystals were blown out when the needle valve was opened.
The crystallographic pattern was made on a North American
Philips x-ray spectrometer. A sample of the commercial salt
and a sample of the salt which was crystallized in the re-
action vessel were run for each of the salts used. The
results of these x-ray patterns are embodied in a later
section of this dissertation.
22
RESULTS AND CONCLUSIONS
The result of comparison of the c ystallographlc pat-
terns of these four inorganic salts before and after
crystallization at the critical temperature of the solvent
is to observe that there is little or no change in the
position or width of the lines. It is apparent, however,
from the graphs which follow that certain anomalous changes
in intensities, representing reflections from certain faces,
occur. These graphs are relative intensities plotted
against "d" values, d being determined from the equation (1)
(1) W. T. Sproull, x-Rays in Practice, page 412, McGraw
Hill Book Company, 1946.
nA. • 2d sin Q
o
For copper K-alpha radiation the wavelength is 1.539 A.
Let us first consider sodium chloride. Nine lines are
available for comparison on sodium chloride. Notice on
graphs II and III that the strongest line on the commercial
sample with a "d" value of 2.811 and a relative intensity of
1.000 has a relative intensity of only 0.817 in the sample
which was crystallized at the critical temperature. These
calculations are based on the 2.811 line on the commercial
sample as 1.000. Notice also that the 1.988 line on the
commercial sample has undergone an increase in intensity
when crystallized at the higher temperature. The other
23
lines show a similar shift in intensities to a more or less
marked degree.
Table III shows values for the commercial sample, the
higher temperature sample) and calculated theoretical
values (2 ) • This table is arranged so that the most intense
(2) From unpublished laboratory report of Charles L.
McKinnis of the Department of Ceramic Engineering,
Missouri School of Mines.
line on each has a value of 1.000 and the other intensities
in each table are calculated on that basis. And it would
appear from this that point by point the sample crystallized
at the higher temperature more nearly fits the theoretical
values than the commercial sample. This is quite app rent
for the lines having "d" values of 1.98?, 2.810, 3.245. The
opposite is apparently true for the line having the "d"
value of 1.405. With one exception the other lines undergo
changes in relative intensity'but seem to be far from the
theoretical values in both cases. The exception is the
1.695 line which has a relative intensity of 0.024 on both
samples as compared with a theoretical value of 0.028.
This represents a reflection from the 311 face of the
crystal.
Observed under the microscope there appears to be
little or no change in the index of refraction of the crys-
tals. Other physical properties have not as yet been
24
INTENSITY TABL FOR SODIUM CHLORIDE
COMMERCIAL SAMPLE REACTION VESSEL THEORETICAL V LUES
SAMPLE
"d" Value Relative "d" Value Relative lid" Value Relative
Intensity Intensity Intensity
1.149 0.054 1.149 0.094 1.149 0.416
1.260 0.180 1.258 0.173 1.258 0.540
1.293 0,,012 1.291 0.014 1.290 0.025
1.404 0.146 1.406 0.115 1.405 0.160
1.619 0.114 1.621 0.136 1.621 0.336
1.695 0.024 1.696 0.024 1.695 0.028
1.980 0.399 1 0 988 0.504 1.987 0.564
2.811 1.000 2.811 1.000 2.810 1.000
3.237 0.041 3.244 0.066 3.245 0.076
TABLE III
Intensity Graph for NaCl (Commercial Sample)
25




































checked, but it would prove interesting to see if there are
any changes in these properties. Kracek's work (3) indicates
(3) F. C. Kracek, Journal of American Chemical Society,
Volume 53, page 2609, July 1931; and F. C. Kracek, et.
al., Journal of .~erican Chemical Society, Volume 53,
page 3339, September, 1931.
that a change in intensities is in order at higher temper-
atures and states that there is no hysteresis effect. Thus
it would appear that here the arrangement within the crystal
lattice which presents this phenomena at the higher temper-
atures is retained by the crystals when they return to room
temperature if they are crystallized at the critical temp-
erature of the solvent. For sodium chloride the crystals
were approximately 72 hours old in every case when the cryst-
allographic patterns were made. It could be that aging exerts·
some sort of an effect.
Barium nitrate (Graph IV and V and Table IV) shows a
less marked effect than any of the other crystals and these
crystals, when the crystallographic patterns were made, were
100-110 hours old. One would have expeoted that since Kracek's
phenomen was a result of rot tion of the nitrate groups in
the sodium nitrate perhaps the barium nitrate would show a
greater effect in this case.
The two salts, barium chloride and sodium sulfate
(Gr phs VI, VII, VIII, IX), seem to show the most marked
effect. BariUm chloride is a monoclinic and sodium sulfate


























































































































































INTENSITY TABLE FOR BARIUM NITRATE
COMMERCIAL SAMPLE REACTION VESSEL
SAMPLE
"d" Value Relative "d" Value Relative
Intensity Intensity
1.125 0.066 1.125 0.048
1.136 0.109 1.136 0.162
1.169 0.057 1.169 0.048
1.223 0.099- 1.221 0.183
1.236 0.139 1.233 0.253
1.284 0.058 1.282 0.109
1.354 0.152 1.351 0.164
1.371 0.314 1.370 0.324
1.433 0.137 1.430 0.124
1.560 0.269 1.556 0.270
1.659 0.229 1.650 0.286
1.800 0.305 1.799 0.343
1.857 0.480 1.855 0.339
2.027 0.211 2.023 0.256
2.337 0.848 2.333 0.865
2.443 1.000 2.438 1.000
2.866 0.429 2.865 0.438
3.308 0.124 3.305 0.135
3.600 0.133 3.601 0.152
4.052 0.253 4.050 0.286
4.670 0.609 4.667 0.830
TABLE IV
35
is a rhombohedral. The crystal used by ICracek, sodium nitrate,
was a rhombohedral also. Thus, it would appear that the
degree of the changes in intensities might well be a function
of the crystal class.
It would seem logical, in the light of the work of
Kracek, therefore, to assume that the effect of crystalliz-
ing certain inorganic salts at the critical temperature of
the solvent is to cause a permanent shift within the crys-
tal lattice of the cation groups.
36
SUMMARY
Certain water soluble salts, when crystallized at th
critical temperature of water (365 0 C), exhibit a shift in
the cryst llograph c pattern. This shift manifests itself
in a change in intensity of certain of the lines of the
x-ray pattern as obtained from an x-ray spectrometer.
Available data indicate that this change of intensities
might well be a result of a rotation of the Cation groups
within the crystal structure of the salt.
No data is available on the behavior of the physical
properties of these salts, but certain evidence is avail-
able which indicates that a change in certain physical
properties might well be expected.
Further investigation is needed on this problem, and
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